The effects of secondary metabolites produced by waterlogged soils on net K 
Introduction
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Thus far, most reports have dealt with the analysis of the overall changes in ion content in plant tissues, or with monitoring the kinetics of nutrient depletion in a growth solution (Glass, 1973 (Glass, , 1974 Jackson and St. John, 1980) . Due to methodological limitations (relatively poor spatial and temporal resolution), these experiments failed to provide answers about the specific ionic mechanisms involved. The above methodological issues may be successfully overcome when using the microelectrode ion flux measuring (the MIFE) technique (Shabala, 2003 (Shabala, , 2006 . The non-invasive MIFE system (University of Tasmania, Hobart, Australia) has very high spatial (a few µm) and temporal (several seconds) resolution and has been successfully applied to the measurement of ion flux kinetics under variety of stress conditions (Shabala and Newman, 1997; Shabala and Lew, 2002; Shabala et al., 2003) . In this study, this technique was used to quantify both the immediate responses of ion fluxes, and long-term (after 24 h treatment) responses to secondary metabolites associated with anaerobic soils.
Results
The major bulk of experiments were performed on the WL-sensitive variety Naso Nijo, where much stronger responses were expected. Accordingly, most of results below refer to Naso Nijo roots unless specified otherwise.
Transient K + fluxes
Net K + uptake of about 60 nmol m -2 s -1 was measured from mature epidermal root 7 osmolality of the experimental solution, as isotonic treatment with KCl, NaCl or Na-gluconate caused no K + efflux from barley roots (data not shown). Adding 300 mg L -1 Mn 2+ caused an almost instantaneous reduction of K + uptake, which quickly (within 5 min) returned to its initial value (Fig. 1C ). In general, the effect of monocarboxylic organic acids on root K + fluxes was significantly stronger than one caused by phenolic acids.
Transient H + fluxes
Net H + efflux of 10 to 15 nmol m -2 s -1 was measured in control (steady state)
conditions from barley roots. Application of all secondary metabolites significantly (P < 0.01) affected H + fluxes (Fig. 2 ). An immediate and significant shift towards net H + uptake was observed in response to all phenolic and monocarboxylic organic acids tested ( Fig. 2A, B) , while in the case of Mn 2+ treatment, net H + efflux was significantly (P < 0.01) reduced (Fig. 2C ). Among phenolics, the effect followed the ranking: 4-hydroxybenzoic acid ≈ 2-hydroxybenzoic acid > benzoic acid. For monocarboxylic organic acids, responsiveness of H + flux followed the ranking:
formic acid > acetic acid > propionic acid.
Transient Ca 2+ fluxes
Net zero Ca 2+ flux was measured in control (steady state) conditions. Root treatment with phenolic acids led to a gradual and prolonged increase in net Ca 2+ uptake (Fig. 3A) . Such a slowness of response may be indicative of a cytosolic mode of action. No significant (P < 0.05) difference between the effects of various phenolic acids was found. Adding 10 mM monocarboxylic organic acid to the bath, Contrary to the short-term effects of 2-hydroxybenzoic acid, 24 h treatment with 200 µ M phenolics caused significant (P < 0.01) hyperpolarization of the membrane potential (Fig.   6B ). The largest hyperpolarization effect was found in roots treated with 4-hydroxybenzoic acid. All three monocarboxylic acids and Mn 2+ treatments induced significant (P < 0.001) long-term depolarization of membrane potential (Fig. 6B) .
Results of membrane potential measurements were consistent with direct estimation of ATP hydrolytic activity from plasma membrane (PM) vesicles isolated from the microsomal fraction of barley roots (Fig. 9C ). No significant (P < 0.05) difference was found in ATP hydrolytic activity between control samples and samples treated with either acetic acid or Mn
2+
. At the same time, the PM vesicles from roots treated with 2-hydroxybenzoic acid had about 40% higher ATP hydrolytic activity compared with control roots (significant at P < 0.05; Fig. 9C ).
Discussion
Secondary metabolites toxicity and waterlogging tolerance in barley
All seven secondary metabolites associated with anaerobic soil conditions inhibited root elongation in 24 h treatments (data not shown), highlighting their detrimental effects on root metabolism. They also caused significant alterations in root membrane-transport activity even in the presence of oxygen. The most significant was a pronounced shift towards K + efflux, caused by both phenolics and monocarboxylic acids (Fig. 1 ). In the case of monocarboxylic acids, the result was a very substantial K + loss measured from the roots of WL-sensitive Naso Nijo cultivar (Fig. 1B) . Such K + loss has been previously reported from barley roots in response to salinity (Chen et al., 2005 (Chen et al., , 2007 and oxidative (Cuin and Shabala, 2007 ) stress, with a strong positive correlation (r 2 > 0.7) between a root's ability to retain K + and the level plant stress tolerance reported (Chen et al., 2007) . A tight link between net K + efflux and cytosolic free K + concentration was also shown (Shabala et al., 2006) . All these findings suggested that the magnitude of stressinduced K + loss may be used as a quantitative characteristic of plant stress tolerance.
In this study, we extend these findings to plant waterlogging tolerance. The WL-tolerant TX cultivar was capable not only of completely preventing net K + loss after acetic acid treatment (Fig. 4A ), but even slightly enhancing net K + uptake by roots under stress conditions. Also less affected (compared with WL-sensitive Naso Nijo), was K + uptake in response to phenolics ( responses to these secondary metabolites as a useful trait; we suggest this issue
should be given special attention in future work.
Phenolics: short-term effects
Early reports of Glass (1974) showed that various benzoic compounds tested caused a substantial inhibition of potassium absorption (measured as 86 Rb uptake from excised barley roots) after 3 h of treatment. However, as 86 Rb measures unidirectional K + uptake, the extent to which K + efflux systems were affected was unclear. Our data (Fig. 1A) show that net K + fluxes from roots treated with 2-hydroxybenzoic and 4-hydroxybenzoic acids were even slightly negative (net efflux), suggesting not only a reduction in K + uptake, but also an increase in K + loss from cells, pointing towards multiple targets in barley root membranes.
Among the three phenolics, the effects of 2-hydroxybenzoic and 4-hydroxybenzoic acids on K + flux were larger than effects caused by benzoic acid (Fig. 1) As shown in Table 1 , the amount of undissociated acids was relatively low and comprised 4.7%, 0.3% and 8.7% for benzoic, 2-hydroxybenzoic and 4-hydroxybenzoic acids, respectively. Therefore, no obvious correlation between the magnitude of effect and the amount of dissociated compound was found.
The mechanisms by which phenolic compounds control K + transport across the plasma membrane remain elusive. Based on the fact that removal of phenolics caused a rapid recovery of K + reabsorption, Glass (1974) suggested a direct effect on cell membranes. No specific details were offered though. Our data reported in this study suggests that major voltage dependent K + -transporting systems may be key players. This is supported by the observed immediate membrane depolarization (Fig. 9A) . Moreover, our data suggest that both increased H + ( Fig. 2A ) and Ca
2+
( Fig. 3A) uptake could contribute to this depolarisation as depicted in Fig. 10 .
It is traditionally believed that most phenolic acids cross the cell membrane in an undissociated form by passive diffusion (Jackson and St. John, 1980) . However, recent cloning, and functional characterisation of the MCT1 family of transporters, suggest that uptake of both monocarboxylic acids and benzoic acid occur via the H + -coupled co-transport mechanism, at least in animal systems (Kido et al., 2000) .
We suggest that a similar scenario is also applicable to plant tissues. As undissociated phenolic acid is electrically neutral, not only will increased net H + flux be generated as a result of such activity (consistent with our H + flux data; Fig.   2A ), but also a substantial membrane depolarization is expected (Fig. 9) 
Phenolics: long-term effects
Once inside the cell, permeated phenolic acids dissociate and acidify the cytosol (Guern et al., 1986; Ehness et al., 1997) . This will activate the plasma membrane H + -ATPase and increase H + extrusion (Frachisse et al., 1988; Felle, 1989; Beffagna and Romani, 1991) . As a result of such activation, the net H + uptake observed in the first minutes after treatment with phenolics would gradually decline, and membrane potential restored. Indeed, after 24 h treatment, roots treated by each of the three phenolic acids had net H + flux values not significantly (P<0.05) different from the control (Fig. 5B) , while membrane potential values were even more negative (hyperpolarized) compared with control roots (Fig. 9B) , most likely the result of higher ATP hydrolytic activity in phenolic-treated roots (Fig. 9C) .
Theoretically, membrane hyperpolarization observed after long-term phenolic treatment ( Fig. 9B ) was expected to reverse the detrimental effects of metabolites on K + transport. However, this was not the case, and K + uptake after 24 h of treatment with phenolic acids was significantly (P<0.05) lower than in the control (Fig. 5A) . The answer may lie in the fact that net Ca 2+ uptake measured soon after treatment (Fig. 3A) (Hosoi et al., 1988; Blatt and Grabov, 1997; Grabov and Blatt, 1997) . Such differential sensitivity of KIR and KOR channels to elevations in cytosolic Ca 2+ may shift the balance in net K + flux towards higher efflux, thus diminishing any beneficial effects of membrane hyperpolarization on K + nutrition.
It should be also mentioned that some benzoic acid derivatives (e.g. 5-nitro-2-(3-phenylpropylamino) benzoic acid ) were found to be potent inhibitors of anion channels (Roberts, 2006) . At the same time, as a result of dissociation, a significant amount of organic anions will be accumulated in the cytosol. This accumulation might block their removal from the cytosol via anion channels (positive feedback), thus exacerbating toxicity effects. At the same time, anion channel blockage will add to the observed membrane hyperpolarization, by reducing the amount of negatively charged particles leaving the cytosol.
Effects of monocarboxylic acids
Similar to phenolics, lipid-soluble undissociated forms of the volatile monocarboxylic acids are often regarded as the most toxic (Jackson and Taylor, 1970; Jackson and St. John, 1980) . Given that the concentration of monocarboxylic acids used in our experiment is much higher than that of the phenolic acids, the concentration of H + in the cell cytosol would be much higher than in phenolic acidtreated plants. This might explain the difference in membrane potential after 24 h of change in general membrane permeability may occur almost immediately (within 1 min) after the treatment, as resolved by the MIFE system for K + efflux in our experiments (Fig. 1B) . Such changes in permeability are usually associated with a change in membrane lipid components (Jackson and Taylor, 1970; Glass , 1974; Jackson and St. John, 1980) ; the latter process most likely operating on a slower time scale. Importantly, the above changes in membrane permeability are believed to be non-specific (Glass and Dunlop, 1974) , thus, a "mirror image" kinetics for K + efflux and Ca 2+ uptake (according to electrochemical potential for each ion) should be observed. This was obviously not the case in our study. While the K + leak gradually increased with time (Fig. 1B) (Fig. 2B ). This might depolarize the membrane ( Fig.   10 ) and cause K + efflux through depolarization-activated K + channels (Fig. 2B ). In addition, it appears that at least part of the observed K + efflux may be also mediated by non-selective cation channels (NSCC), as both Gd 3+ and La 3+ (two known NSCC blockers; Demidchik et al., 2002) were also efficient in preventing acetic acid-induced K + loss (Fig. 7C) .
Contrary to the effect of phenolics, monocarboxylic acids did not cause any substantial increase in Ca 2+ uptake ( Figs 3A and B, (Shabala and Newman, 2000) , as all these inhibitors were also efficient in preventing acetic-acid induced K + efflux from roots (Fig. 7C) .
The above scenario is further supported by the results of long-term experiments (Fig. 5) . While a substantial K + leak was measured 24 h after treatment with monocarboxylic acids (Fig. 5A ), no significant (P<0.05) Ca 2+ leak was found (Fig.   5C ). Thus, it is highly unlikely that general changes in membrane permeability were In summary, this study shows that secondary metabolites associated with waterlogged soil conditions adversely affect root nutrient uptake, and that the perturbation to root ionic homeostasis is much stronger in waterlogging-sensitive genotypes. Accordingly, we suggest that tolerance to these stresses should be targeted in any program to breed crops for waterlogging tolerance.
Materials and Methods
Plant material and growth conditions
Two barley (Hordeum vulgare L) varieties, WL-sensitive cv Naso Nijo and WL- ). Electrodes were mounted on a three-dimensional electrode holder (MMT-5, Narishige, Tokyo, Japan), positioned with their tips spaced 2-3 µm apart in line.
Ion flux measurements
They were calibrated in an appropriate set of standards before and after use (pH from 4.4 to 7.8; Ca 2+ from 0.1 to 0.5 mM; K + from 0.2 to 1 mM).
Experimental protocol
Two major groups of organic acid, namely monocarboxylic acids and phenolic acids, where chosen for experiments (Table 1 and 2). These are the most widely reported compounds associated with anaerobic soil conditions (Lynch, 1977; Tanaka et al., 1990; Armstrong and Armstrong, 2001 ). In water, weak acid establishes an equilibrium between the weak acid and the conjugate base. A weaker acid has less dissociation to the conjugate base and the equilibrium favours the undissociated weak acid form.
One hour before measurement, 5 mL basic salt medium (BSM) solution (0.1 mM In transient experiments, steady state fluxes were measured for five minutes. Then 5 ml of BSM solution containing a double concentration of an appropriate chemical was added into the chamber, and the measurement continued for a further 30 min.
Solution pH was adjusted to 5.5 in advance using NaOH/HCl, and no substantial changes in Ca 2+ or Mn 2+ activity was caused by addition of any of organic acids.
About 2 min is required for unstirred layer conditions to be reached. This period of time was discarded from the analysis and appears as a gap in the figures. Pi 
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